GR. A rat model of exercise induced asthma: a nonspecific response to a specific immunogen. Am J Physiol Regul Integr Comp Physiol 300: R917-R924, 2011. First published January 12, 2011 doi:10.1152/ajpregu.00270.2010.-Exercise-induced bronchoconstriction (EIB) is common; however, key aspects of its pathogenesis are still unclear. We investigated the feasibility of adapting an established animal model of asthma to investigate the earliest stages of EIB. The hypothesis was that a single exposure to a normally innocuous, and brief, exercise challenge could trigger EIB symptoms in rats previously sensitized to ovalbumin (OVA) but otherwise unchallenged. Brown-Norway rats were sensitized by intraperitoneal injection of OVA at 0 and 2 wk. At week 3, animals were exposed to either aerosolized OVA (SS) or exercise (EXS). A trained, blinded, clinical observer graded EIB by respiratory sounds. Plasma and lung cytokine levels were analyzed. No control rats with or without exercise (EX, CON) showed evidence of EIB. Eighty percent of the SS group demonstrated abnormal breath sounds upon exposure to aerosolized OVA. Approximately 30% of EXS rats sensitized to OVA but exposed only to exercise had abnormal breath sounds. Lung tissue levels of TNF-␣, IL-1␣, growth-related oncogene/keratinocyte/chemoattractant, and IFN-␥ were significantly higher (P Ͻ 0.001) in the SS group, relative to all other groups. Changes in most of these cytokines were not notable in the EXS rats, suggesting a different mechanism of EIB. Remarkably, IFN-␥, but not the other cytokines measured, was significantly elevated following brief exercise in both sensitized and unsensitized rats. Exercise led to detectable breathing sound abnormalities in sensitized rats, but less severe than those observed following classical OVA challenge. Precisely how this immune crossover occurs is not known, but this model may be useful in elucidating essential mechanisms of EIB.
IN ALLERGIC ASTHMA, A WIDE range of triggers stimulate an immediate airway response, leading to a cascade of inflammation, bronchoconstriction, and mucus hypersecretion, culminating in a clinical asthma attack. Exercise-induced asthma (EIA) is a common, often serious, manifestation of respiratory compromise, occurring in a high proportion of adults and children with known allergies (50, 54) . Unlike exposure to known antigens (e.g., pollen, airborne particulate matter), the triggering factors in EIA remain enigmatic, and its mechanism is the object of substantial controversy (1) . Over the past decade, there has been a rekindling of interest in the immunobiological consequences of physical exercise, such that it is now clearly established that exercise leads to a uniquely balanced, rapid stimulation of immune/inflammatory cells and mediators (11) , some of which [such as the family of intracellular adhesion molecules (31) ] are known to play a role in the asthma cascade.
We hypothesized that the exercise response could become unbalanced in the presence of experimentally induced allergenactivation of the immune system in animals that had never been challenged. We predicted that, in this case, a normally innocuous exercise challenge could trigger bronchoconstriction. We expected, therefore, to find both clinical evidence of airway hyperresponsiveness (AHR), in this case abnormal breathing sounds, and a pattern of cellular and mediator inflammation in the lung following exercise that would mimic a classic antigen challenge in a sensitized organism.
To test this, we employed a well-known murine model of allergic asthma, in which rats are sensitized parenterally with ovalbumin (OVA) (7, 35, 36, 45, 52) . However, in contrast to most previous studies, the animals were not subjected to further treatments or challenges until being acutely tested for responsiveness to either 1) exercise or 2) aerosol challenge using the specific allergen OVA. If our hypothesis were true, then the animals rendered "allergic" by OVA sensitization could be induced to have bronchoconstriction by these separate challenges. Moreover, the pattern of cytokine and inflammatory cell changes in the lung would be similar following exercise and antigen challenge.
A barrier to using animal models for simulating human asthma lies in the difficulty of assessing AHR in a timely manner. In human asthma, EIA usually occurs within minutes of the onset of exercise and is detected typically by pulmonary function testing and/or auscultation of breath sounds (predominantly wheezing) (66) . In murine models, however, the inflammatory cytokine and cellular response to a specific challenge are typically not measured for hours and often requires anesthesia and intubation (18, 23, 24, 39) . There is a growing body of literature demonstrating minimally invasive approaches to assess airway function in the rodent (e.g., 19, 20) . However, even with the rodent plethysmography, a period of ϳ60 min is required for "reaclimitization." (2) Our goal was to study the initiating events in the development of EIA. Therefore, all data were collected in a narrow time frame, immediately following the first and only exposure to a stimulus, be it exercise or aerosolized OVA. Breath sounds auscultated by stethoscopes or other devices have been used in rats effectively to model diseases in humans, particularly to assess acute responses to infectious or toxic agents (51, 55, 57) . Moreover, despite the theoretical promise of digital signal processing of lung sounds, human auscultation remains the diagnostic tool of choice (3, 16) .
The strength of OVA-induced airway inflammation in rats is strain dependent (27) , and there is one strain of Brown-Norway rat in which alterations in breath sounds following OVA challenge in sensitized animals do occur and roughly parallel acute bronchoconstriction in humans (61, 69) . The focus of this study was on exercise-associated AHR, and an acute assessment of change in airway function was essential. Consequently, the primary outcome variable was to determine whether an exercise challenge would lead to airway narrowing and accompanying changes in breath sounds (determined by auscultation) in rats sensitized to OVA but otherwise unperturbed. A secondary set of variables was selected to determine the immune and inflammatory changes in the lung that could shed insight onto the underlying mechanisms responsible for exercise-induced AHR, were it to occur.
MATERIALS AND METHODS
All methods and procedures were approved by the University of California Irvine Institutional Animal Care and Use Committee.
Animals
Male Brown-Norway rats, 120 g, 2-3-wk old, were obtained from Harlan Laboratories (Indianapolis, IN). This rat strain is suitable for the study of allergen-induced airway reactions (45) . Rats were randomly assigned to one of four experimental groups with n ϭ 10Ϫ22 per group: 1) CO: control group animals, which were not sensitized to ovalbumin (OVA; saline injection), were not exercised, but did receive aerosolized saline in parallel with the acute OVA challenge described below (n ϭ 10); 2) EX: rats that were not sensitized to OVA (saline injection) and were acutely challenged with one bout of progressive exercise (nϭ 15); 3) SS: rats that were sensitized to OVA and were acutely challenged with aerosolized OVA (n ϭ 22); and 4) EXS: rats that were sensitized to OVA, were acutely challenged with one bout of progressive exercise, and received no aerosolized OVA (n ϭ 20).
All animals were maintained under virus/antigen-free conditions at the University of California, Irvine animal facility on a 12:12-h light-dark cycle. Animals were given food and water ad libitum.
Exercise Familiarization
Two weeks before sensitization, the animals of all four groups were familiarized with the treadmill twice weekly for 5 min at slow speed. In this way, the rats were accustomed to the treadmill but not trained.
Sensitization
Animals in the SS and EXS groups received a 1.0 ml ip injection of OVA (1 mg/ml; Sigma Chemical, St. Louis, MO) and aluminum hydroxide [Al(OH) 3] (100 mg/ml; BDH Laboratory Supply, Poole, UK) in a 0.9% saline solution during week 1 and repeated 1 wk later. Rats in the CO and EX groups received intraperitoneal injections of similar volumes of 0.9% saline.
Acute Challenge-OVA
One week after the second sensitization treatment the rats assigned to the SS group were acutely challenged with 5% aerosolized OVA. OVA was aerosolized for 10 min using a DeVilbiss PulmoMate 4650D Nebulizer and an airflow of 8 l/ min. Following the challenge, rats were returned to their cages for a 10-min recovery and observation period, during which time, pulmonary auscultation was performed.
Acute Challenge-Exercise
One week after the second sensitization treatment, the rats assigned to the EXS group were acutely challenged with one bout of progressive exercise. The exercise challenge lasted 8 min. During the first 4 min, the treadmill speed increased to 33.52 m/min and remained at that speed until the completion of the challenge. The grade was 15°for all 8 min of the exercise challenge. In our experience, this level of exercise was close to the maximal running capability for this strain of rat. Following the challenge, rats were returned to their cages for a 10-min recovery and observation period, during which time pulmonary auscultation was performed.
Rats in the EX group, which had not been sensitized to OVA, underwent the acute exercise challenge as described for the EXS group prior to pulmonary auscultation.
Control Group
Rats in the CO were not sensitized to OVA but received IP injections of normal saline. In the 3rd wk, interleaved with the SS and EXS groups, the CO group animals received an acute exposure to aerosolized saline prior to pulmonary auscultation.
Pulmonary Auscultation
A single observer masked to the groups' identity scored all breathing sounds following the acute challenge of saline, OVA, or exercise. The observer was an asthma specialist board-certified in Pediatrics and Allergy and Immunology with substantial experience in assessing neonatal/pediatric breath sounds. In addition, the observer spent considerable time auscultating untreated rats at rest and after exercise. The observer used a digital stethoscope (Thinklabs, Centennial, CO) designed for infant auscultation with a tunable diaphragm that assured high acoustic sensitivity. Respiratory rate in newborns with lung disease can be in excess of 60 respirations/min, in the rat, the respiratory rates are in the range of around 100 per min.
During the recovery period, the rats were examined three times over a 10-min period, and each examination lasted 1 min. The examination sites coincided anatomically with anterior, lateral, and posterior projections of the rat lung and the anterior surface of the trachea. The final examination was performed immediately after the animal received an IP injection of pentobarbital sodium (50 mg/kg ip) for euthanasia.
Auscultated sounds were classified as 0, clear breath sounds with no abnormalities; 1, increased breath sounds without elements of tone or pitch; and 2, increased breath sounds with elements of tone or pitch.
Blood Sampling and Analysis of Circulating and Lung Tissue Analytes
After the induction of deep anesthesia, and prior to the cessation of breathing, blood was collected from the left ventricle via the diaphragm into EDTA-treated tubes. The numbers of neutrophils, monocytes, and lymphocytes in the circulating blood were measured using standard techniques. Cytokine levels in rat plasma and lung tissue were measured using either multiplex assays or ELISA (see below). Protein samples were extracted from the right lung middle lobe tissue. The right lung middle lobes were snap-frozen in dry ice and stored at Ϫ80°C until further analysis. The snap-frozen lungs were thawed, weighed, and homogenized at 4°C. Total protein concentrations in the lung tissue were diluted to a final protein concentration of 40 g/ml.
Multiplex assay. Chemiluminescence technology (41) was used to detect multiple mediators enabling the simultaneous examination of a series of interrelated cytokines implicated in the pathogenesis of asthma and bronchoconstriction, namely, IL-1␣ (9), IL-1␤ (4), IL-2 (26), IL-4 (30), IL-5 (32), IL-6 (43), IL-10 (44, 60), IL-12 (58), IL-18 (68), IFN-␥ (13, 29, 40) , TNF-␣ (65), granulocyte-macrophage colony stimulating factor (10), growth-related oncogene/keratinocyte/chemoattractant (GRO/KC) (38, 47) , and monocyte chemoattractant protein-1 (62) . When cytokine levels were lower than the detection limit, the value assigned was 0.001. Detection limits ranged between a low of 1.3-6.0 pg/ml to an upper limit of 5,000 pg/ml, depending upon the specific analyte.
ELISA. Myeloperoxidase (MPO), a product of neutrophils known to play a role in asthma pathogenesis (49) , was measured in plasma and lung tissue (10 g protein) by specific ELISA (HyCult Biotechnology, Uden, The Netherlands). Histamine content [histamine has long been recognized as a critical, early-onset mediator of asthma (52)] was measured in plasma and lung tissue (10 g protein) using immunoassay (Oxford Biomedical Research, Oxford, MI). For ELISA, measurements beyond detection level were treated as missing values (two in lung histamine, eight for lung MPO). Finally, ELISA was used to detect ovalbuminspecific IgE (OVA sIgE; Cusabio Biotech, Newark, DE). The OVA sIgE assay is semiquantitative and indicates only "positive" or "negative" presence of OVA sIgE in plasma.
Quantification of Cell Infiltrate in Lung Tissue
Sections of the left lung were removed and placed in 4% buffered paraformaldehyde and were subsequently processed for routine embedding with paraffin, and transverse 5-m sections were stained with hematoxylin and eosin and Wright's stains for visualization of eosinophils and neutrophils. Periodic acid-Schiff stain was used for visualization of mast cells. Additional pieces of lung tissue were cryoprotected in 30% sucrose and subsequently processed for the immunocytochemical localization of polymorphonuclear leukocytes (PMNs) in the lung [purified rabbit anti-rat PMN Ab, (Cedarlane Laboratory, Burlington, NC)]. Sections were cut at 50 m on a freezing microtome and incubated overnight in primary antibody (1/4,000 with 2% normal goat serum and 1% Triton-X100). Sections were subsequently developed with the alkaline phosphatase Vectastain kit, AK5001 (Vector Laboratories, Burlingame CA). Quantification of neutrophil, eosinophil, and mast cell infiltrate in lung tissue was determined by manually counting the number of cells in a 320 ϫ 320 m area using a Leitz microscope (ϫ312.5). A 10 ϫ 10 eyepiece grid reticle was used to facilitate cell counts. The number of cells from 3 or 4 areas of lung was averaged for each animal.
Data Analysis
In this study, we have found that some cytokines and inflammatory mediators were below detection, and the distribution of some studied variables did not follow normal assumption. Thus, we applied nonparametric method (Kruskal-Wallis test) to all studied cytokines, inflammatory mediators, and cell counts for overall difference among the four study groups and followed by post hoc paired comparison with Bonferroni's multiple-comparison adjustment. Fisher's exact test was utilized to examine the association between pulmonary auscultation and study group. Data were presented with median and range (minimum-maximum) or count and percentage. All analyses were performed using SAS 9.2 (Cary, NC, USA), and the significance level was set at 0.05.
RESULTS

Airway Hyperresponsiveness-Pulmonary Auscultation
A shown in Table 1 , there was a significant association between pulmonary auscultation and study group (P Ͻ 0.0001). As expected, the rats in the CO and EX groups showed no change in auscultator breath sounds in response to the aerosolized saline or acute exercise challenges, respectively. Sixteen (80%) rats in the SS group showed abnormal breathing with element of tone or pitch, while six (27.3%) rats in the EXS group showed abnormal breathing, two of which were as severe as the rats in the SS group.
Cytokine Levels in the Circulation
Relative to controls, a significant elevation in several plasma cytokines were observed in the EX, SS, and EXS groups as outlined in Table 2 . However, no significant differences in circulating leukocytes, cytokine levels, MPO, or histamine levels between the two OVA-exposed groups (SS and EXS) were found.
Lung Cytokines, MPO, and Histamine
Of the inflammatory mediators and cytokines examined in lung tissue following OVA challenge, rats in the SS group were found to have significantly higher levels of IL-1␣, TNF-␣, and GRO/KC than all the other three groups and higher level in IFN-␥ than control and EX groups (Fig. 1) . The level in GRO/KC in SS group was remarkably high (3,729.9 [623.3-7,140 .3] pg/mg) in proportion to the levels observed in the other cytokines (Ͻ512 pg/mg) and other groups. Similarly, lung MPO and histamine were significantly elevated only in the SS rats (Fig. 2) . 
Lung Polymorphonuclear Leukocytes
A subset of lung tissues (6 in CON, 7 in EX, 8 in SS, and 8 in EXS) was evaluated with regard to the number of eosinophils or mast cells, and no differences were found among the groups. However, assessment of the number of PMNs identified in the lungs by immunocytochemistry (Fig. 3) indicated that the number of PMNs in the lung was significantly different among the four groups (P ϭ 0.028), where the SS group (130.8
[100. 8 -205.3] ) is higher than the number found in the EX group (84.3 [70.3-112.8]) (P ϭ 0.0065) (Fig. 4) Fig. 5 are the results of the OVA-specific IgE analysis of plasma. As shown, OVA-specific IgE was Fig. 1 . Lung cytokine and chemokine levels. Box-and-whisker plot of lung cytokine/ chemokine in the four experimental groups: control (CO; n ϭ 10), control with exercise (EX; n ϭ 15), aerosolized ovalbumin (SS; n ϭ 20), and SS and exercise (EXS; n ϭ 22). The box represents the first quartile, the median, and the third quartile; the whisker extends to 1.5 times interquartile range (the difference between 1st and 3rd quartiles), the asterisk is the mean, and the circles are outliers. Significant overall group differences were found in growth related oncogene/keratinocyte/chemoattractant (GRO/KC; P Ͻ 0.0001), TNF␣ (P ϭ 0.0003), IL-1␣ (P Ͻ 0.0001) and IFN-␥ (P Ͻ 0.0001). Post hoc paired comparison results: #SS group significantly higher than all other three groups; $SS group significantly higher than EX group; and &Control group significantly lower than all other three groups. Fig. 2 . Lung and plasma myeloperoxidase (MPO) and histamine levels. Box-and-whisker plot of MPO and histamine levels in plasma and lung, among the four experimental groups: CO (n ϭ 10, 9, 10, 9 as ordered in figure) , EX (n ϭ 15, 14, 15, 15), SS (n ϭ 20, 18, 20, 20) , and EXS (n ϭ 21, 18, 22, 21). The box represents the first quartile, the median, and the third quartile; the whisker extends to 1.5 times interquartile range (the difference between 1st and 3rd quartiles), the asterisk is the mean, and the circles are outliers. Overall group differences were only found in the lung MPO (P Ͻ 0.0001) and lung histamine (P ϭ 0.0076). Post hoc paired-comparison results. #SS group significantly higher than all other 3 groups, and %SS group significantly higher than control. not detectable in the control groups, whereas both groups sensitized to OVA were positive for OVA-specific IgE, verifying the efficiency of the OVA sensitization protocol.
OVA-Specific IgE
Illustrated in
DISCUSSION
A single brief bout of heavy exercise is now known to lead to a remarkable set of airway and inflammatory responses, many of which are known to be involved in exercise-induced bronchoconstriction (EIB) (e.g., 11, 64) . In this study, we showed that while exercise itself altered key immune mediators, conservative evidence for AHR only occurred in animals that had been previously sensitized to a seemingly unrelated antigen, ovalbumin (Fig. 5) . Alterations in breath sounds did not occur in all OVA-sensitized, exercise-challenged animals, only in 27%. These initial observations are consistent with clinical manifestations of EIB and exercise-associated anaphylaxis in humans. These phenomena occur commonly, but not invariably, in individuals with a history of asthma and atopy (8, 21, 46) , consistent with our finding that some sort of prior immunogenic sensitization is necessary for exercise to lead to AHR. Finally, our observations suggest that some individuals may experience distinct mechanisms for allergen-induced and exercise-induced asthma response, reflecting studies made in adults and children by Weiler-Ravell and Godfrey in 1981 (67) .
In animal models, there are a number of studies focused on eucapnic hyperventilation and airway drying (possible associated triggers of EIB) and AHR (e.g., 18, 28, 34) . However, this is one of the few studies to examine clinically detectable airway responses and lung cytokine, leukocyte, and mediator responses to a brief exercise or allergic challenge in rats at a time interval (10 min postchallenge) that mimics the phenomenon of EIB in humans (59) . The exercise challenge was designed to reflect the 6 -8 min of intense exercise recommended for stimulating EIB in humans (12) , and much shorter in duration than is typically used in rodent exercise studies classified as "brief" or "single-bout" (e.g., 22, 25) . Moreover, the response to the exercise challenge was assessed within 10 min.
The data tended to support one of our hypotheses, namely, a substantial percentage of Brown-Norway rats previously sensitized to OVA showed rapid, clinically detectable AHR following a brief exercise challenge. However, the extent of the clinically detectable AHR as shown in Table 1 , was not as robust as we found when OVA-sensitized rats were challenged with aerosolized OVA. Thus, these data provide evidence that classic sensitization to a known allergen renders the organism somewhat more sensitive to seemingly unrelated AHR triggers, Fig. 4 . Lung polymorphonuclear leukocyte (PMN) counts. Box-and-whisker plot of PMN counts per unit area in the four experimental groups: CO (n ϭ 6), EX (n ϭ 7), SS (n ϭ 8), and EXS (n ϭ 8). The box represents the first quartile, the median, and the third quartile; the whisker extends to 1.5 times interquartile range (the difference between 1st and 3rd quartiles), and the asterisk is the mean. There is a significant overall group difference in the PMN counts per unit area (P ϭ 0.028). Post hoc paired comparison results: $SS group significantly more counts than control. such as exercise. In contrast, our data did not substantiate our second hypothesis, namely, that in sensitized rats, the lung cytokine, cellular, and inflammatory mediator responses to an exercise challenge would parallel the changes observed with the aerosolized OVA challenge.
Auscultation with a stethoscope in humans and even in the rat is rapid, simple, and reliable. Moreover, in the context of our study, auscultation has the advantage of high-specificity for acute AHR, even though its sensitivity to subtle changes in airway resistance may not be as high as direct measurements of airway resistance by plethysmography or other methods. For example, airway resistance assessments (using the interrupter resistance technique, which requires subject cooperation) in children challenged with methacholine typically show worsening of airways resistance at considerably lower doses of methacholine than when wheezing is ultimately auscultated (33) . Thus, our use of auscultation erred, if at all, by underestimating (and surely not overestimating) the true presence of AHR immediately following exercise in the rat model.
These data contrast, to some extent, to earlier and recent elegant work focused on exercise and OVA sensitization. In a series of studies, Pastva et al. (52) and Hewitt et al. (23, 24) examined how brief exercise and exercise training modulated subsequent lung inflammatory responses to OVA in sensitized rats. These studies demonstrated a generally moderating effect of exercise on subsequent lung inflammatory responses to acute allergen challenges specifically by decreasing NF-B nuclear translocation and IB␣ phosphorylation, thereby diminishing key proinflammatory control pathways. In addition, these workers showed that exercise training ameliorates AHR through ␤ 2 -adrenergic receptor mechanisms.
This seeming contradiction, namely, the results of our study showing an acute AHR effect of an exercise challenge in OVA-sensitized rats and the Pastva and Hewitt studies showing a moderating effect of exercise on OVA-induced lung inflammation in sensitized mice, in fact, parallels observations in humans. While single bouts of exercise, as noted, constitute a major trigger of bronchoconstriction in many allergic individuals, a growing number of studies show that exercise training moderates airway inflammation in humans and improves asthma control (e.g., 6, 17, 48) .
Our data provide some insight into plausible mechanisms to explain this paradoxical role of exercise vs. exercise training in AHR. While sensitized rats challenged with OVA (SS) demonstrated, as expected, clinical AHR and increased lung IFN-␥, a remarkable finding of this study was the significant elevation of IFN-␥ in the lungs of unsensitized rats challenged with exercise, animals that did not show any clinical signs of AHR. The role of IFN-␥ in acute asthma in humans remains quite controversial (37) , with some studies suggesting that the IFN-␥ is eosinophil dependent (29) and others showing that AHR-associated IFN-␥ is independent of eosinophils and emanates largely from resident pulmonary macrophages (70) . In stable asthmatic children, IFN-␥ in the exhaled breath condensate is elevated relative to healthy controls (56) . Our finding that exercise in unsensitized rats led to increased IFN-␥ in the lung most likely resulted from exercise associated secretion by "resident" leukocytes or macrophages (the number of leukocytes did not increase Fig. 5 ). However, in the unsensitized animal, the IFN-␥ was not sufficient to unleash the asthma "cascade," while in the sensitized rat, exercise-associated IFN-␥ was associated with acute clinically detectable AHR. We speculate that repeated stimulation of lung IFN-␥ by exercise training might lead to a down-regulation of certain elements of inflammation and render the sensitized animal less sensitive to subsequent classic allergen-induced pulmonary inflammation.
In this context, our data highlight the unique nature of exerciseassociated AHR in the sensitized rats. In contrast to our hypothesis, the lung cytokine response to the exercise challenge in OVA-sensitized rats did not parallel the lung cytokine response to the OVA challenge in OVA-sensitized rats, even though AHR was detectable clinically in both groups. Lung TNF-␣, IL-1, IFN-␥, GRO-KC, histamine, and MPO were all elevated in the SS group following the challenge, while IFN-␥ was the only one of the tested cytokines to increase in the EXS group. Thus, our data do not provide a ready explanation for the mechanism of AHR in the EXS animals. We did observe that the clinical AHR response was muted in the EXS animals compared with SS animals, suggesting that exercise did not elicit a "full-blown" acute inflammatory response, and, as noted, consistent with this, the lung cytokine response in the EXS animals was not nearly as robust as in the SS animals. It is becoming increasingly clear that the AHR response is not an "all or nothing" response; indeed, airway inflammation can be dissociated from AHR (23) .
In considering the mechanisms of the exercise-associated AHR that we found in the EXS rats, noninflammatory mechanisms may come into play. For example, Quarcoo et al. (53) showed that stress (induced, for example, by foot shock) exacerbates the AHR caused by exposure to OVA in sensitized animals. These authors suggest that stress and allergy both lead to stimulation of afferent nerve fibers lining the mucosal epithelium that secrete tachykinins, such as substance P and neurokinin A. These mediators were not studied in the present set of experiments.
Immune cell accumulation in the lung (neutrophils, macrophages, lymphocytes, and eosinophils) is a well-recognized cellular component of AHR (63) . In the bulk of studies in the Brown-Norway rat, accumulation of inflammatory cells in the lung is measured between 12 and 24 h after the challenge. However, in our model of the acute (i.e., within 10 min) response to the exercise or OVA challenge, the only change in pulmonary cellularity that we observed at this early time point following challenge was a tendency for the number of lung neutrophils to increase in the OVA-sensitized rats that were also challenged with OVA, compared with the CO and EX groups. Recently, Shan et al. (59) studied the impact of an OVA aerosolized challenge to OVA-sensitized Brown-Norway rats. They measured a variety of cells, including neutrophils and eosinophils in bronchoalveolar lavage fluid at 1, 3, 6, and 24 h following the challenge. Remarkably, they found a very rapid increase in neutrophils, but there was no appreciable increase in eosinophils until the 24-h time point. These data, along with our finding of very early increase in the number of neutrophils accumulating in the lungs of the SS animals, are consistent with the selective and early increase in the levels of inflammatory cytokines and the remarkable increase in the lung tissue levels of the neutrophil chemoattractant GRO/KC that we found in the SS animals, relative to all other groups.
We analyzed a broad panel of cytokines and chemokines using multiplex techniques. As noted in a recent comparison study (15) , "the most appropriate use for these tests may currently be as screening tools for the selection of promising markers for analysis by more sensitive techniques." We found distinct differences in circulating levels of cytokines in control compared with the challenged rats. Interestingly, each of the three challenges (i.e., OVA challenge in sensitized rats, exercise challenge in unsensitized rats, and exercise challenge in sensitized rats) led to elevated circulating levels of IL-1␤, IL-4, IL-18, IFN-␥, and TNF-␣. Increasingly, asthma in humans is seen as a condition in which chronic inflammation (either as a "spillover" from lung involvement or reflecting an as yet poorly understood systemic defect) leads to elevations in circulating levels of inflammatory cytokines (42, 49, 50) . Identifying causal relationships between the finding of an elevated cytokine concentration and AHR still remains elusive. However, our data support the emerging concept that acute exacerbations of AHR are often associated with increased circulating biomarkers of inflammation. Moreover, systemic manifestations of the immune responses associated with both exercise and allergic challenges are in some ways similar. Finally, the precision of the multiplex approach was insufficient in the current study to assess the impact of changes in cytokines reflecting Th1 (e.g., IFN-␥) and Th2 (e.g., IL-4). Th1 and Th2 responses have been clearly implicated in asthma pathogenesis (42) .
Perspectives and Significance
In summary, we found that Brown-Norway rats that had been sensitized, via OVA injection, show a modest degree of AHR in response to a seemingly unrelated trigger, brief exercise. The rapid onset of the change in breath sounds following the exercise challenge is similar to exercise-induced bronchoconstriction observed clinically in humans. Exercise, even in the absence of prior sensitization to OVA, led to increased lung IFN-␥, without an increase in immune cell infiltration, suggesting that that resident leukocytes or macrophages were responsible. Our findings indicate that some individuals may experience common mechanisms and cross-responsiveness to exercise or allergen following sensitization, whereas other individuals, may experience distinct signaling mechanisms to allergen or exercise that would result in no overlap of response. This model may prove useful in better understanding, and, ultimately preventing, exercise-induced bronchoconstriction, a serious and sometimes life-threatening consequence of asthma in humans (5, 14) .
